Introduction 1 2
The accurate and precise dating of polar ice cores is important for various studies, 3 including investigations of past climate change and the recent history of the 4 paleoatmosphere. Such dating may involve the counting of annual ice layers, the 5 identification of remarkable events, mathematical modeling (e.g., the densification 6 model of firn proposed by Herron and Langway, 1980) , and curve fitting using profiles 7 from other ice cores (Langway et al., 1995; Wilson and Hendy, 1981) . 8
In terms of the precise dating of polar ice cores from inland Antarctica for the 9 period over the past 1000 years, an effective method is to identify events in the ice 10 7 Volcanic signals in the ice core were identified from concentrations of SO 4 2-and 1 Na + . We measured the concentrations of these and several other ions in each melted 2 sample, using an ion chromatograph (Dionex DX-500). The isocratic and gradient 3 methods were utilized for cations and anions, respectively. The eluant concentration in 4 the anion measurements was increased step-wise with appropriate time intervals. The 5 accuracy of such measurements is typically estimated to be ~10% . For details of the 6 ion chromatography analysis, see Igarashi et al. (1998) 
Candidate signals of volcanic eruptions 9 10
Although SO 4 2-is derived from sea salt and marine biogenic emissions, via 11 atmospheric disturbances, volcanic eruptions are the major source of SO 4 2-during 12 active eruptions. To identify volcanic signals in the Dome Fuji shallow ice core, we 13 therefore examined a profile of non-sea-salt SO 4 2-(nssSO 4 2-) concentrations 14 (Castellano et al., 2005; Cole-dai et al., 1997 Fig. 2c , via eq. (1). On average, the 9 nssSO 4 2-concentration is ~90% of the total SO 4 2-concentration. Many spikes, as seen 10 in the total SO 4 2-profile ( Fig. 2b) , remain after subtracting the estimated sea-salt 11 concentration. 12
The procedure employed to identify candidate signals of volcanic eruptions in the 13 nssSO 4 2-profile involved the following steps (Fig. 2c) . 14 1) The mean value M and the standard deviation  were calculated using nssSO 4
2-

15
values from all the measured data points, yielding M = 2.19 eq･L -1 and  = 2.12 eq･ 16 L -1 . 1 2) We selected spikes with values greater than M+2 = 6.43 eq･L -1 . 2
3) The mean value M' and the standard deviation ' were recalculated after excluding 3 the spikes selected in step (2), yielding M' = 1.93 eq･L -1 and ' = 0.83 eq･L -1 . 4 4) We selected spikes from all nssSO 4 2-concentration data with values greater than 5
Previous studies have identified at least 10 eruption events from AD 1260 to the 7 drilling year in ice cores from Antarctica (Cole-Dai et al., 1997 , 2000 Delmas et al., 8 1992; Hammer et al., 1997; Karlöf et al., 2000; Kurbatov et al., 2006; Langway et al., 9 1994 Langway et al., 9 , 1995 Moore et al., 1991; Traufetter et al., 2004; Zhou et al., 2006) . Therefore, 10 M+2 is probably an overestimation in terms of a threshold value for identifying 11 volcanic eruptions, in the case that the nssSO 4 2-data contain several giant spikes that 12 presumably correspond to very large volcanic eruptions. This gives rise to the 13 possibility that we overlooked spikes associated with medium-sized eruptions at sites 14 close to Antarctica, or large eruptions located far from Antarctica. Because Dome Fuji 15 station is located at an inland site in Antarctica, the contribution to nssSO 4 2-of large 16 SO 4 2-spikes derived from marine biogenic emissions is considered to be negligibly 1 small. In fact, we did not find any relation between large spikes in SO 4 2-and enhanced 2 levels of methanesulfonic acid (MSA) produced by the oxidation of dimethyl sulfide 3 (DMS) released by marine phytoplankton. Moreover, Suzuki et al. (2001) reported that 4 the concentration in surface snow of Cl -and Na + derived from sea salt shows an 5 exponential decrease with increasing distance from the coast up to 200 km inland, on 6 the route to Dome Fuji station. Similarly, we consider that the concentration of SO 4 2-7 from marine biogenic emissions shows a marked decrease with coastal distances. 8 Accordingly, we believe that steps (1)-(4) outlined above are appropriate in terms of 9 identifying spikes related to volcanic eruptions. 10
The application of steps (1)- (4) to the nssSO 4 2-profile resulting in the identification 11 of 22 spikes that are candidate volcanic signals (Fig. 2c) . In contrast, the application of 12 steps (1) and (2) yielded only seven spikes. 13
To estimate the rate of snow accumulation, the length of the ice core should be 1 converted to a water equivalent value using the depth-dependent density. The density 2 of the ice core from Dome Fuji station shows an increase with depth, from 273.1 kg･ 3 m -3 at the top of the core to 604.1 kg･m -3 at a depth of 40 m (Fig. 3) . A quintic 4 polynomial expression, as an approximation of the depth-dependent density using a 5 least squares method, was obtained previously from measurements between the surface 6 and 2500 m depth (Watanabe et al., 1997b) . However, this quintic polynomial 7 expression (solid line in Fig. 3 ) lies above most of the measurements, including those 8 of the present study, from the surface to ~20 m depth. Therefore, we separately fitted 9 the density measurements of the present study by a linear function over this depth 10 region. As a result, the depth-dependent density is approximated by 11 12 y = 7.9923x + 339.29 for x ≤ 22.34 m (2) 13 y = 1E-10x 5 + 5E-06x 4 -0.0011x 3 + 0.0658x 2 + 3.4841x + 418.23 for 14
By multiplying the density given by eq. (2) or (3) by the length of each sample, we 1 obtained the water equivalent amount. Then, the total water equivalent from the 2 surface to 40 m depth was calculated by summing the water equivalent values for all 3 samples. 4
We used the empirical model developed by Herron and Langway (1980; herein, H-5 L) , based on Antarctic and Greenland ice cores, to confirm our depth-dependent 6 density fitting. In applying the model, we used a mean annual temperature of 215 K 7 (Watanabe et al., 2003) , an accumulation rate of 0.027 m weq･year -1 , an initial snow 8 density of 273.1 kg･m -3 at the surface and 589.9 kg･m -3 at a depth of 38.795 m, and 9 with the largest nssSO 4 2-spike (spike 22, see We attempted to correlate the 22 spikes in the nssSO 4 2-profile (see Table 1 ) with 4 known volcanic eruptions. We started with spikes 5 (12.455 m depth), 16 (29.92 m 5 depth), and 22 (38.795 m depth), which are by far the largest of the 22 spikes. Spike 5 6 can be reliably correlated with the AD 1815 Tambora eruption, which usually shows a 7 prominent double spike due to its temporal proximity to an unknown eruption that 8 occurred in AD 1809 (Cole-Dai et al., 1997 , 2000 Delmas et al., 1992; Hammer et al., 9 1997; Karlöf et al., 2000; Langway et al., 1994 Langway et al., , 1995 Moore et al., 1991; Traufetter et 10 al., 2004; Zhou et al., 2006) . In the present core, a significant sulfate spike was found 11 at 12.785 m depth (spike 6 in Table 1 and Fig. 2c ), slightly below spike 5. Furthermore, 12 if spike 5 corresponds to the Tambora eruption, the weq depth calculated using eq. (2) 13 is 4.86 m weq and the annual rate of snow accumulation between 1816 and 2001is 26.3 14 mm weq, which is similar to an estimate based on snow stake measurements for the 15 period from AD 1995 to AD 2006 (27.3 mm weq; Kameda et al., 2008) . Therefore, we 16 equate spike 5 with the Tambora eruption (the correlated volcanic events are listed in 1 the second column of Table 1) . 2
The largest spike (spike 22), at 38.795 m depth (19.15 m weq depth), corresponds to 3 a large ECM spike found at a similar depth (37.8 m) in another Dome Fuji ice core 4 drilled in 1993 at a site located 43 m south of the present borehole (Motoyama , 2007; 5 Watanabe et al., 1997a) . Based on the present-day annual mean accumulation at Dome 6 Fuji (27.3 mm weq) and the surface snow density (~300 kg･m -3 ; see Fig. 3 ), the height 7 difference between the tops of the two ice cores is ~0.7 m. In addition, the firn 8 stratification detected from ground-penetrating radar and VHF radio waves around 9 Dome Fuji station from the surface to 700 m depth is imaged as a flat, continuous 10 reflection horizon (Fujita et al., 2002) . Consequently, we consider that spike 22 11 corresponds to the large ECM spike found at 37.8 m depth in the other core. This 12 interpretation is supported by the results obtained using the H-L model (Section 4).1991; Traufetter et al., 2004; Zhou et al., 2006) . Previous studies have assigned an age 1 of AD 1259-1260 to this spike, although the volcanic event remains unknown. 2 Therefore, we correlate spike 22 with the unknown eruption that occurred in AD 1259. 3
Spike 16, at a depth of 29.92 m (14.03 m weq depth), may correspond to another 4 large ECM spike reported by Watanabe et al. (1997a) , at a similar depth of 29.1 m in 5 their sample. This depth difference between the two studies is minor considering the 6 different locations and surface elevations of the two ice cores. Watanabe et al. (1997a) 7 assigned an age of AD 1464 to this event, referring to an analysis of the Byrd ice core 8 (Langway et al., 1995) . In a later study, a large eruption of Kuwae in AD 1452 was 9 identified by analyzing the widths of annual tree rings (Briffa et al., 1998) . We 10 therefore correlate this spike 16 with the AD 1452 Kuwae event. Considering the time 11 taken to transport volcanic ejecta through the atmosphere, we assigned spikes 5, 16, 12 and 22 ages of AD 1816, AD 1454, and AD 1260, respectively, as given in the seventh 13 column in Table 1 . 14 Turning to the remaining 19 spikes, we roughly estimated their ages by assuming a 15 constant rate of annual snow accumulation for the sections of core between the threetime-marking spikes determined above (for details of the method employed to estimate 1 ages, see Section 6). Relevant historical volcanic eruptions were selected from a list 2 sorted by the value of the Volcanic Explosivity Index (VEI; Newhall and Self, 1982; 3 Simkin and Siebert, 1994) , using the following criteria: 3) Degree of uncertainty in the eruption date is < 1 year. 10
4) The recorded eruption date should agree, within ±10% years B.P., with one of the 11 19 spikes when referring to their roughly estimated years (e.g., if the recorded eruption 12 date is 100 years B.P., the allowable margin is ±10 years). This margin (±10% years 13 B.P.) is based on the findings of Kameda et al. (2008) , who reported that 10 years of 14 observations of a single snow stake yield an estimate of the annual surface mass 15 balance with an uncertainty of ±10%. We compared the roughly estimated years for the 19 spikes with the volcanic 3 eruption dates selected using the above criteria, yielding six additional reliable 4 correlations that satisfy all five of the above criteria (spikes 1, 2, 3, 4, 11, and 13). 5 Spikes 8, 9, and 14 fulfilled criteria (1)- (4), but not criterion (5) . The ages of these 6 additional reliable time markers and the corresponding volcanoes are listed in Table 1 . (Table 1) . These spikes are used as 12 time markers, in addition to the nine events identified above. 13
Following the procedure described in Section 5, we dated the present ice core at 12 1 discrete depth points. In order to interpolate the age data between successive time-2 marker events, it is necessary to know the rate of snow accumulation during the 3 interval. In Section 4, we described a method for estimating the rate of snow 4 accumulation by fitting the depth-dependent density using eq. (2) or (3). The water 5 equivalent of each sample was obtained from the density and the length of each sample. 6
Then, the total water equivalent between successive time-marker eruption events was 7 calculated by summing the water equivalent values for the intervening samples. The 8 relation between the year and ice-core depth was then determined by assuming a 9 constant rate of annual accumulation (weq) between the successive time-marker events. 10
The resulting nssSO 4 2-profile is shown in Fig. 4 . 11 Figure 5 shows the years of volcanic eruption used in the present study and the 12 corresponding years obtained by Watanabe et al. (1997a) , as well as the difference 13 between them. In contrast to the 12 time-marker eruptions identified in the present 14 study, Watanabe et al. (1997a) identified just 3 eruptions. In particular, the present 15 analysis, using the nssSO 4 2-profile, identified four new volcanic signals in the 19th 16 century. In addition, eq. (2) was used as an improved approximation of the depth-1 density relation from the surface to 22 m depth. Consequently, we have successfully 2 improved the dating of shallow ice cores at Dome Fuji, with a maximum correction, 3 compared with the dating reported by Watanabe et al. (1997a) , of ~20 years. The 4 present results allow us to estimate the average rate of annual accumulation during the 5 periods between the 12 time-markers (see Table 2 
